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a  b  s  t  r  a  c  t
Polyelectrolyte  complex  (beads)  based  on  N,N,N-trimethyl  chitosan/alginate  was  successful  obtained
and  silver  nanoparticles  (AgNPs)  were  loaded  within  beads.  In vitro  cytotoxicity  assays  using  beads/silver
nanoparticles  (beads/AgNPs)  provided  results,  indicating  that  this  material  signiﬁcantly  inhibited  the
growth  of colon  cancer  cells  (Caco-2).  In  vitro  release  studies  showed  that the  beads  stabilized  AgNPs  and
0eywords:
,N,N-Trimethyl chitosan
lginate
olyelectrolyte complex
ilver nanoparticles
repressed Ag oxidation  under  gastric  conditions  (pH  2.0). On  the  other  hand,  at physiological  condition
(pH  7.4)  the  beads/AgNPs  released  3.3  g of  Ag+ per each  beads  milligram.  These  studies  showed  that
the  concentration  of  Ag+ released  (3.3  g) was  cytotoxic  for the  Caco-2  cells  and  was  not  cytotoxic  on
healthy  VERO  cells.  This  result  opens  new  perspectives  for the  manufacture  of biomaterials  based  on
beads/AgNPs  with  anti-tumor  properties.
© 2015  Elsevier  B.V.  All  rights  reserved.. Introduction
Chitosan (CS) and N,N,N-trimethyl chitosan (TMC) are used like
arrier materials for drugs delivery on oral administration [1]. It was
emonstrated that CS and TMC  enhances drug penetration capacity
n across mucosa of intestine [2]. CS is a polycationic polymer at
cidic pH conditions, while TMC  has cationic property at acid, neu-
ral and alkaline pH conditions, because this polymer presents in
ts chain N-quaternized groups [ +N(CH3)3] [3–6]. These polymers
CS and TMC) have numerous applications in the cosmetic, food and
harmaceutical industries, whereas theses materials have some
roperties such as, low toxicity, stability, mucoadhesivity, biocom-
atibility and biodegradability [4]. On the other hand, the sodium
lginate (ALG) is an anionic polysaccharide which can easily inter-
ct with CS and TMC  for form polyelectrolyte complexes (PECs) via
lectrostatic interactions and intermolecular/intramolecular sec-
ndary forces [7]. PECs have received much attention in the last
∗ Corresponding author at: Departamento de Química, Universidade Tecnológica
ederal do Paraná (UTFPR), Apucarana 86812-1200, Brazil. Tel.: +55 46 3536 8400;
ax: +55 46 3536 8400.
E-mail address: afmartins50@yahoo.com.br (A.F. Martins).
ttp://dx.doi.org/10.1016/j.ijbiomac.2015.05.036
141-8130/© 2015 Elsevier B.V. All rights reserved.years, since they are used for the preparation of drug carriers and
tissue engineering scaffolds [8,9].
Silver nanoparticles (AgNPs) have recently made their way  into
cancer therapies [10]. When tested on living cells, they have inter-
estingly been shown to possess dual activity, inhibiting the growth
and division of tumor cells and their nuclei, while being biocompat-
ible with healthy cells [10]. However, the potential application of
AgNPs is signiﬁcantly dependent on their stability against aggre-
gation, which less the active surface area on AgNPs structure
[11]. Furthermore, after synthesis, the AgNPs requiring protec-
tion to prevent their oxidation, which is related to AgNPs toxicity
[12].
Polymeric composites based on chitosan/AgNPs formulations
(CS/AgNPs) were extensively studied and the Ag+ release is very
important for biomedical applications of such materials to reduce
the potential toxicity effects toward healthy human cells [13–15].
CS contains amino functional groups, which are used as a pro-
tecting agent for AgNPs and, due to their extraordinary properties
such as biocompatibility and biodegradation the CS/AgNPs com-
posites have attracted greatly attention in the last years [13,16,17].
TMC  also was  used like stabilization reagent for AgNPs preparation,
instead sodium citrate at neutral aqueous solution [17].
However, the CS/AgNPs and/or TMC/AgNPs composites have
limitations when destined to biological applications. In an aqueous
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nvironment, the AgNPs undergo the following redox reaction and
 burst release of Ag+ ions occurs, according to Eq. (1) [18].
Ag(s) + O2(aq) + 4H+(aq) → 4Ag+(aq) + 2H2O(aq) (1)
The Ag0 oxidation is favored under acidic conditions [18]. When
ubjected to the gastric condition, at pH ≈ 2.0, such materials are
ot efﬁcient to protect and inhibit the silver oxidation due to the
asy polymer dissolution at acidic environment [18]. Furthermore,
he possible cytotoxic effect on healthy and/or deleterious cells is
elated to the amount of Ag+ released [19]. Therefore, the abrupt
xidation of AgNPs for Ag+ in the gastric region may increase the
ytotoxic effects on healthy cells. So, an important issue concern-
ng silver ion release is its kinetics; fast or slow release, high or
ow dose, short or long-term action [18,19]. All of these points
re of great interest for the development of new biomaterials
ased on AgNPs technologies, through controlled release formu-
ations that employ hydrogel polymer matrices (PECs) as systems
or speciﬁc delivery [12]. Therefore, it is important to form a
ose control of the Ag+ ion that allows the cytotoxic effects to be
chieved on speciﬁc targets with no toxic effects to human health
19].
Generally the surfaces of metallic nanoparticles (NPs) of Au
nd Ag are charged [17,20]. So, they can interact with other com-
ounds presents in the body and such interactions often result in
he formation of aggregates, leading to rupture of the NPs struc-
ure [17]. Therefore, the preparation of polyelectrolyte complexes
PECs) with loaded-AgNPs can be a strategic alternative to promote
he protection of AgNPs and also to avoid nonspeciﬁc interac-
ions between AgNPs and biological tissues [12]. Thus, the aim of
his work was to prepare hydrogel polyelectrolyte based on PECs
beads) of N,N,N-trimethyl chitosan/alginate (TMC/ALG) and incor-
orate AgNPs within these PECs. The beads/AgNPs cytotoxic effects
n Caco-2 cells and on VERO cells were evaluated. Additionally, Ag+
ons release studies from beads/AgNPs were evaluated at gastric
nd physiological conditions and the results were discussed in the
ight of the cytotoxicity test.
. Experimental
.1. Materials
N,N,N-trimethyl chitosan (TMC) with quaternization degree
DQ) of 15% and MV of 26 × 103 g mol−1 was synthesized from
hitosan (Supplementary Material, see Fig. S1) [3,21]. Sodium algi-
ate (ALG) was purchased from Across Organics (NJ, USA) and the
atio of mannuronic acid to guluronic acid (M/G) of the ALG was
.56, as stated by the manufacturer. It has already been reported
hat the values of the average number (Mn) and average-weight
Mw) molecular weights for this alginate are 339,000 g mol−1 and
,073,000 g mol−1, respectively [22]. Silver nitrate, sodium citrate,
otassium dihydrogen phosphate and acetic acid were purchased
rom Sigma–Aldrich. All reagents were used as received, i.e., with-
ut any further puriﬁcation. VERO (African green monkey kidney)
ells and the Caco-2 cell line, which originated from a human
olonic adenocarcinoma, were cultured and maintained in Dul-
ecco’s modiﬁed Eagle’s medium (DMEM; Gibco®, Grand Island,
Y, USA) supplemented with 10% heat-inactivated fetal bovine
erum (FBS; Gibco®) and 50 g ml−1 gentamycin, in an incuba-
or at 37 ◦C, with 5% CO2 and 95% relative humidity. The cells
ere expanded when the monolayer reached conﬂuence at day
 ± 1. After reaching 80% conﬂuence, cells were digested by using
rypsin/EDTA solution (0.25% trypsin – Gibco®, and 1 mmol  l−1
DTA).gical Macromolecules 79 (2015) 748–755 749
2.2. Silver nanoparticles synthesis
The experimental procedure used for obtention of silver
nanoparticles was published in details by Turkevich et al. [23]
with some modiﬁcations, according to Martins et al. [24]. Silver
nitrate solution (1.0 mmol  l−1) in a reﬂux system was  preheated
at 90 ◦C until boiling, and then, 2.5 ml  of sodium citrate solution
(0.30 mol  l−1) were added to the system. So, after 4 min of heat-
ing at boiling state, the system was off. Finally, AgNPs suspension
was poured into an ice bath and stored in amber vial under refrig-
eration at 4 ◦C. The average diameter size of AgNPs was obtained
from Transmission Electron Microscopy (TEM) images, using the
program Statistic version 8 [24].
2.3. Beads preparation and silver nanoparticles loading
The methodology employed for the preparation of beads was
based on the method published by Martins et al. [21,22,24].
Scheme 1 depicts the preparation of beads based on TMC/ALG. For
this, TMC  and ALG solutions were prepared separately, from the sol-
ubilization of both polymers in a 1.0% (v/v) acetic acid solution. The
volume ratio of TMC-solution to ALG-solution was  kept constant.
Then, AgNPs-suspension (5.0 ml  containing 0.54 mg of Ag0) was
added to 10 ml  of a previously prepared ALG-solution (0.5% wt/v)
and the mixture was  stirred until homogenization occurred. So, the
ALG-solution/AgNPs (15 ml)  were slowly dropped into a respec-
tive TMC-solution aliquot (20 ml), under magnetic stirring at room
temperature. Finally, the beads loaded with AgNPs (beads/AgNPs)
were separated from the suspension following the same method-
ology as described previously by Martins et al. [21,22,24]. Acetone
aliquots (≈5 ml)  were dropped into the suspension (35 ml)  con-
taining the beads. The suspension was slowly stirred and allowed
to stand for approximately 1.0 min, until complete decantation
of the beads was  achieved and then ≈20 ml  of supernatant was
removed. This process was  repeated once more and the internal
water content of the beads diminished substantially, leading the
beads to shrivel up. Thus, the beads presented mechanical con-
sistency and the liquid phase composed of water and acetone
(≈25 ml)  was easily removed from the suspension. This process pre-
vented the beads from adhering to each other causing the collapse
[21,22,24]. Finally, the beads were washed twice with acetone,
transferred to a polystyrene Petri dish and separated from each
other. The drying of beads was  performed at room temperature
for 48 h.
2.4. Release assays
In vitro silver ion release assays were performed in two differ-
ent environments: buffer solution at pH 2.0 (acetic acid/sodium
acetate solution) and buffer solution at pH 7.4 (100 ml  of potas-
sium dihydrogen phosphate aqueous solution 0.5 mol  l−1, 148 ml  of
NaOH aqueous solution 0.2 mol  l−1 and 752 ml  of distilled water).
Thus, a certain amount of dried beads/AgNPs was  deposited in a
sealed ﬂask with 110 ml  of the previously prepared buffer solution
(pH 2.0 or 7.4) at 37 ◦C. At a desired time interval, aliquots were
removed from the ﬂask in order to quantify the amount of Ag+
released.
2.5. Cytotoxicity assays
Cytotoxicity of beads and beads/AgNPs against VERO and Caco-
2 cells were determined by sulforhodamine B assay as described
previously by Martins et al. [22]. The cells were seeded in 96-
well tissue plates (TPP – Techno Plastic Products, Switzerland)
at a density of 2.5 × 105 (VERO cell) and 8 × 105 cell ml−1 (Caco-
2 cell) in 100 l medium for 24 h in the CO2 incubator. The
750 A.F. Martins et al. / International Journal of Biological Macromolecules 79 (2015) 748–755
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bution was  determined from Fig. S2(b). The size of AgNPs was
approximately 2.3 ± 0.5 nm (Fig. S2c). Fig. 1 shows images of
beads encapsulated with silver nanoparticles (beads/AgNPs), and
polymeric matrix without AgNPs. The swollen beads presented aScheme 1. Beads preparation methodology w
uspension containing beads or beads/AgNPs was added to the
edium at various concentrations after 8 h. Following incubation
or 48 h, the cell monolayers were washed using 100 l phos-
hate buffered saline (PBS) sterile, ﬁxed with trichloroacetic acid
nd stained for 30 min  with 0.4% (wt/v) sulforhodamine B (SRB-
igma Chemical Co., St. Louis, MO,  USA) dissolved in 1% acetic acid.
he dye was removed by four washes with 1% acetic acid, and
rotein-bound dye was extracted with 10 mm unbuffered Tris base
tris (hydroxymethyl)aminomethane] for determination of optical
ensity in a computer-interfaced, 96-well microtitre plate reader
Power Wave XS, BIO-TEK®, USA).
.6. Characterization
.6.1. Ultraviolet–visible spectroscopy (UV–vis)
Molecular absorption of metallic nanoparticles (AgNPs) suspen-
ion was obtained from Biochrom Libra S12 spectrometer, in the
ange of 300–900 nm.
.6.2. Transmission electron microscopy (TEM)
The morphology and size of metallic nanoparticles (AgNPs) were
erformed by Transmission Electron Microscopy (TEM) using a Shi-
adzu JOEL – JEM 1400 operated at 120 kV. The size distribution
f AgNPs was determinate from the TEM images, measuring the
iameter of at least 50 metallic nanoparticles. Samples were pre-
ared by placing a micro drop of AgNPs-suspension on the copper
rids (400 mesh) coated with carbon.
.6.3. Scanning electron microscopy (SEM)
Morphology of beads/AgNPs was investigated using SEM images
Shimadzu, model SS 550, Japan). Beads and beads/AgNPs surfaces
ere sputter-coated with a thin layer of gold for SEM visualization.
he SEM images were taken by applying an electron accelerating
oltage of 15 kV.
.6.4. Flame absorption atomic spectroscopy (FAAS)
Flame Atomic Absorption Spectroscopy (FAAS) analysis was
sed to evaluate the amount of Ag+ released from beads/AgNPs
t pH 2.0 and 7.4. For this, aliquots of the aqueous phase
ontaining silver ions were analyzed using a spectrometer (Var-
an, model AA-175, USA). The silver hollow cathode lamp from
he same equipment-supplier, operating at 5 mA,  was  used to
easure the absorption signals. The analytical wavelength of
28.07 nm at silver resonance line was selected with a spec-
ral band pass of 0.2 nm [24]. The background was corrected depicts the hydrogel structures at pH 3–3.5.
with a deuterium lamp. The air/acetylene ﬂame ratio used was
(13.5:2.0 l min−1).
3. Results and discussion
3.1. Characterization of beads/AgNPs
The preparation and characterization of the TMC/ALG polyelec-
trolyte complex (PEC as beads) and PEC/AgNPs were described in
three papers recently published by our research group [21,22,24].
Fig. S2 (Supplementary Material) displays the characteristic Local-
ized Surface Plasmon Resonance (LSPR) bands of AgNPs colloidal
suspension and TEM images of AgNPs. The AgNPs size distri-Fig. 1. Photos of neat beads/AgNPs (a) and beads/AgNPs (b) after few minutes (ca.
30  min) subsequent to the washing process with acetone.
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Fig. 2. SEM images of droughts samples with different magniﬁcations: neat beads (a–b) and beads/AgNPs (c).
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pig. 3. Cytotoxicity effect of beads and beads/AgNPs on the viability of Caco-2 huma
epresent the standard deviation of three measurements.
iameter of ca. 5 mm [21]. Washing using acetone substantially
ecreased the size of the beads (Fig. 1). Fig. S1 shows photographs
f neat beads (Fig. 1a) and beads/AgNPs (Fig. 1b) after few min-
tes subsequent to the washing process. The color presented by
eads/AgNPs indicates the AgNPs incorporation into the hydro-
el (Fig. 1b). The beads/AgNPs are yellowish due to the presence
ig. 4. Phase contrast images of Caco-2 cells after 24 h of incubation with neat beads (b
ontrol  sample is presented in Fig. 4a. Phase contrast images of VERO cells after 24 h of in
hase  contrast image of a control sample is presented in Fig. 4d.n cancer cells (a) and VERO healthy cells (b) at different concentrations. Error bars
of AgNPs and the neat TMC/ALG beads are white, as expected
[24].Fig. 2 shows SEM images, at different magniﬁcations, of the neat
beads and beads/AgNPs. The average diameter of the dry samples
ranged from 0.1 to 0.2 mm (Fig. 2). It was  possible to observe “folds”
on the surface of neat beads and beads/AgNPs which hindered the
) and beads/AgNPs (c) in the conc. of 1000 g ml−1. The phase contrast image of a
cubation with neat beads (e) and beads/AgNPs (f) in the conc. of 1000 g ml−1. The
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F
2
p
m
a
3
t
m
u
(
a
lig. 5. Fraction released (g mg−1) of Ag+ from beads/AgNPs at buffer solutions (pH
.0 and 7.4).
ores of the hydrogel (Fig. 2). The beads/AgNPs presented surface
uch smoother regarding neat beads surface and this fact was
ttributed to incorporation of the AgNPs into beads [21,22,24].
.2. Cytotoxicity assays
Cytotoxic effects of beads and beads/AgNPs systems were inves-
igated on Caco-2 cells and healthy cells of the African green
onkey (VERO cells) [22]. Viability cell assays were conducted,
sing increasing concentrations of beads and beads/AgNPs for 24 h
Fig. 3). In this case, the beads/AgNPs sample was more destructive
gainst Caco-2 cells than healthy VERO cells (Fig. 3). The formu-
ation of neat beads showed slight cytotoxicity effect on VERO
Fig. 6. SEM images of beads/AgNPs before (a, b) and agical Macromolecules 79 (2015) 748–755
cells regarding Caco-2 cells (Fig. 3a) [22]. On the other hand, the
beads/AgNPs showed strong cytotoxicity only on Caco-2 cells at
concentrations above 100 g ml−1 (Fig. 3a). However, beads/AgNPs
showed a low cytotoxicity effect on healthy VERO cells at con-
centrations below 1000 g ml−1 (Fig. 3b). The half cytotoxicity
concentration (CC50) of beads/AgNPs was 835 g ml−1 for the Caco-
2 cells whereas for the healthy VERO cells, the CC50 was much
higher than 1000 g ml−1. Furthermore, the beads/AgNPs exhibit
excellent biocompatibility on VERO cells over the full range of con-
centrations (Fig. 3b).
Phase contrast images in Fig. 4 illustrate several conﬂuent
monolayers of Caco-2 cells and VERO cells after 24 h incubation
in contact with neat beads and beads/AgNPs at the concentration
of 1000 g ml−1. From the analysis of Fig. 4, strong cytotoxic effect
of beads/AgNPs can be seen only on the Caco-2 cells (Fig. 4c), while
no signiﬁcant destructive effects were observed on VERO healthy
cells (Fig. 4f). The results show that the beads/AgNPs are cytotoxic
to Caco-2 cells and biocompatible to VERO cells.
3.3. Study of Ag+ release from beads/AgNPs
Fractions of Ag+ released from beads/AgNPs in buffer solutions
(pH 2.0 and 7.4) are presented in Fig. 5. The results conﬁrm that the
beads showed potential to protect and inhibit the AgNPs oxidation
in acidic conditions, simulating the gastric region, since almost no
release of Ag+ ions was observed at pH 2.0 after 24 h of analysis.
Fig. 6 shows SEM images of beads/AgNPs before and after being
subjected to the release assay performed at pH 2.0. It was found that
the morphology of hydrogel does not change signiﬁcantly, whereas
the beads structure remain intact, even after being immersed for
24 h in the buffer solution at pH 2.0. On the other hand, when
the beads/AgNPs were in contact with buffer solution at pH 7.4;
3.3 g of Ag+ was released per each microgram of beads/AgNPs,
with 61% of Ag0 being oxidized to Ag+ after 24 h and equilibrium
being achieved after 5 h [24]. This fact was  conﬁrmed by repeating
fter (c, d) the release assay performed at pH 2.0.
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he release experiment at pH 7.4 with the same beads/AgNPs as
reviously used in the release assay performed at pH 2.0. This test
howed that 3.0 g of Ag+ was released per microgram of beads at
H 7.4, with 56% of Ag0 being oxidized to Ag+ after 24 h and equi-
ibrium being achieved after 3 h. This result shows the excellent
eproducibility of the experiments, since almost the same amount
f Ag+ was released in both assays at pH 7.4. Another study real-
zed by our research group showed that the ≈10.9 g of Ag+ were
eleased from beads/AgNPs (at concentration of 3.3 mg  ml−1) at pH
.4 promoting 91% of inhibition on Escherichia coli cells [24]. In this
ase, the Ag+ amount necessary to kill E. coli cells was  3.3 times
ore than Ag+ amount that was toxic for the Caco-2 cells.
Lee et al. [18] and Kittler et al. [25] evaluated the stability of
gNPs in deionized water (pH 5.5–5.8). Lee et al. [18] observed
hat the oxidation reaction of Ag0 from AgNPs suspension (with
ize distribution of 10 nm)  was predominantly only seen in the ﬁrst
 h of the release assay. According to Kittler et al. [25], AgNPs did
ot completely dissolve, whereas the rate and AgNPs dissolution
egree depended on their surface functionalization, concentration
nd temperature. Therefore, the results presented in this study are
onsistent with the data published by Lee et al. [18] and Kittler
t al. [25] since the amount of Ag+ released at pH 7.4 remained
onstant after 5 h (Fig. 5). Furthermore, such results indicated that
fter the releasing test at pH 7.4, ≈40% of AgNPs remained inside
he beads. UV–vis measurements showed that only the Ag+ ion was
eleased during the releasing tests (not shown). The structure of
he beads was ruptured after remain in solution at pH 7.4 by 24 h.
owever, there was not totally dissolution of the TMC  and ALG
omponents, due to permanent electrostatic interaction at pH 7.4
mong the N-trimethylated sites on TMC  and carboxylate groups
n ALG chains.
Scheme 1 depicts the methodology for beads preparation at pH
–3.5. ALG are anionic block copolymers of -(1-4)-l-guluronic
G) and -(1-4)-d-mannuronic acid (M). The pKa values of M
nd G-residues are 3.38 and 3.65, respectively [21]. So, almost all
he carboxylic groups on ALG chains are not ionized and some
apers related that sodium alginate can stabilize the AgNPs sus-
ensions [26,27]. Ion-dipole forces occurrence among AgNPs and
COOH sites on ALG can explain this phenomenon (Scheme 1).
gNPs aggregation does not occur when they are in contact with
LG-solutions (Scheme 1). When one drop of ALG/AgNPs suspen-
ions was dropped slowly into TMC-solutions, only one bead with
pproximate spherical geometry was obtained (Scheme 1). In this
ase, layers composed by cationic TMC  molecules should coat the
LG/AgNPs suspension drops. Furthermore, the TMC has 15% of
uaternization degree (DQ) (Supplementary Material) and so it
resents high positive charge densities at pH 3–3.5 (Scheme 1). So,
he hydrogel surfaces are positively charged because the groups
 NH2, NHCH3 and N(CH3)2) on TMC  are totally ionized, being
he bulk of the beads composed by ALG/AgNPs (Scheme 1). The
robable structure of beads/AgNPs exposed on Scheme 1 explains
lso why the AgCl formation was not observed into hydrogel matri-
es. Concomitant the precipitation of AgCl, the AgNPs aggregation
ould occur and this was not observed. TMC  has low DQ (15%)
nd therefore the Cl− concentration (counter ion of TMC) in the
eads/AgNPs system should not enough for promote the AgCl pre-
ipitation. Furthermore, according Xu et al. [28], TMC  salts on acid
ediums do not dissociate. The chloride counter ion should interact
ith the N-quaternized groups for decrease the repulsion among
3O+ and +N(CH3)3. This effect should repress the AgCl precipi-
ation inside beads/AgNPs matrices. When the beads/AgNPs were
btained in hydrochloric acid solutions (pH 3.0) instead acetic acid
olutions (1% v/v) the AgCl precipitation and AgNPs aggregation
ccurred (not shown), since the concentration of Cl− increased.
In a recent paper, our research group showed that the DSC
urves of neat beads and beads/AgNPs presented the strongestgical Macromolecules 79 (2015) 748–755 753
differences [24]. In this case, the AgNPs changes the TMC/ALG
hydrogel structures because they have negative charge surfaces
(citrate passivation layer) and, then they can be repelled by COO−
groups into beads/AgNPs matrices [24]. On the other hand, new
interactions based on secondary forces and/or ion–dipole forces
should occur, whereas the beads/AgNPs DSC curve presented
endothermic peaks which were attributed to the melting process
of beads/AgNPs [24].
Scheme 2 depicts the behavior of beads when these were
exposed on buffer solutions at pH 2.0 and 7.4. At pH 2.0 the electro-
static repulsions among H3O+ ions and hydrogel surfaces positively
charged inhibits the beads swelling and consequently Ag+ releas-
ing does not occur at pH 2.0 (Scheme 2, left side). Furthermore,
at pH 2.0, the carboxylic groups on ALG are not ionized [21]. This
decreases the interaction with water molecules, preventing the
swelling of beads and inhibiting the Ag+ release.
However, the ionization process of COOH groups at a buffer
solution of pH 7.4 occurs according to the reaction:
COOH + H2O → COO− + H3O+ (2)
which promotes stronger interactions among the carboxylate
groups of ALG chains and water molecules, leading to swelling of
the beads (Scheme 2). Thus, the release mechanism of Ag+ from
the beads/AgNPs at pH 7.4 is related to Ag+ diffusion and swelling
processes. Some AgNPs are stabilized inside hydrogel matrices
because ion-dipole forces among AgNPs and NH2, NHCH3 and
N(CH3)2 groups occur at pH 7.4 (Scheme 2, right side) and per-
manent electrostatic interactions between +N(CH3)3 and COO−
groups repress the complete dissolution of beads even their spheri-
cal geometries were undone after swelling process (Scheme 2, right
side).
According to Fig. 3, the cell viability decreased to 44%, when
the Caco-2 cancer cells were treated with beads/AgNPs at a con-
centration of 1000 g ml−1. According to the results, after the
beads/AgNPs system transited through the region of gastric pH;
3.0 g mg−1 of Ag+ was released at pH 7.4 (Fig. 5). This amount was
cytotoxic against Caco-2 cells (Fig. 3c), but not to healthy VERO cells
(Fig. 4f). This fact is essential for in vivo applications and the dras-
tic decrease in the Caco-2 cells viability is intrinsically linked with
the amount of Ag+ ions released from beads/AgNPs. In this case,
the hydrogel beads protect the NPs, inhibiting nonspeciﬁc interac-
tions among AgNPs and biological tissues and consequently avoid
aggregates formation and AgNPs rupture structure on gastric con-
ditions. The interactions among beads–AgNPs can maintain the NPs
stabilized in the hydrogel matrix.
Another study realized by our research group showed that
the beads loaded with gold nanoparticles (beads/AuNPs) were
slight cytotoxic on Caco-2 and healthy VERO cells. This effect was
attributed to gold nanoparticles (AuNPs) entrapped on beads sur-
faces [22] because the AuNPs are more stable than AgNPs and their
oxidation do not occur so easily. However, the beads/AgNPs were
not cytotoxic on VERO cells concerning beads/AuNPs, since the
amount of AgNPs loaded on beads surfaces were oxidized (Fig. 5).
The AuNPs are more stables than AgNPs due to noble property of
gold atom and the amount of Ag+ ion released was  responsible by
the strongest cytotoxic effect on Caco-2 cells, while the Ag+ ion
(≈3.3 g) was not cytotoxic for VERO cells [22].
3.4. Transport mechanism of Ag+ from the beads/AgNPs matrix
Ritger and Peppas proposed a semi-empirical mathematical
model described by the Eq. (3) which can explain the solute release
mechanism from the hydrogel ﬂexible matrices [29].
At
A∞
= ktn (3)
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cScheme 2. Beads structure depicting the non-swellin
In this case, At/A∞ ratio refers to solute amount released at
esired interval time (t), k represents the kinetic constant and
ts magnitude depends of some factors such as solvent used in
he release assay, hydrogel composition and experimental external
onditions [21]. The n parameter represents the diffusional expo-
ent which is associated to the transport mechanism of solutes
30,31], being represented by the zero-order kinetic for n = 1 [21].
herefore, the release process is governed by the macromolecu-
ar relaxation of polymer chain segments and the solute amount
eleased increases with the time. When n is next to 0.5, the release
echanism may  be controlled by Fickian diffusion, whilst the
nomalous transport is favored for n values at range from 0.5 to 1.0.
n this case, the release mechanism is motivated by the simultane-
us contribution of diffusion and macromolecular relaxation [30].
The n and k kinetic constants were determined from release
urves performed at pH 7.4 (Fig. 5) and the data are presented in
able 1. The kinetic constant k, associated to the release proﬁle
n Fig. 5b was 1.1, whilst it achieved up to 1.0 for release proﬁle
n Fig. 5c (Table 1). The n values assigned were among 0.5–1.0,
eing the kinetic mechanism controlled by the anomalous trans-
ort (Table 1). So, the beads/AgNPs swelling at pH 7.4, contributed
or the diffusion process and macromolecular relaxation of poly-
+ers chains on hydrogel, allowing the Ag release, as reported on
cheme 2 (right side).
Such factors contributed for the Ag+ burst release; however, the
arrow particle size distribution as well as the AgNPs lower average
able 1
iffusional exponent (n) and kinetic constant (k) values, obtained from release
urves on Fig. 5, by the application of the Ritger–Peppas model (Eq. (3)) at pH 7.4.
Condition n k R2
Release proﬁle on Fig. 5b 0.87 1.1 0.96
Release proﬁle on Fig. 5c 0.57 1.0 0.99e hydrogel at pH 2.0 and hydrogel swelling at pH 7.4.
size (2.3 ± 0.5 nm)  should also increase the Ag+ release rate, because
such material has great surface area. On the other hand, consider-
ing the beads/AgNPs composite material, a possible inhomogeneity
of AgNPs should decrease or increase the burst release rate of Ag+
due to alteration on particle-size distribution and average parti-
cle diameter. The Ag+ slow release could contribute for a future
practical application of beads/AgNPs composites, as efﬁcient vehi-
cle for Ag+ delivery. Conversely, the burst release is a disadvantage,
because the Ag+ concentration rapidly increases with the time up to
the equilibrium condition. This consequence may  restrict a possible
application of this material, because the greater Ag+ concentrations
should promote adverse effects on healthy tissues [18,19]. How-
ever, this paper showed that the maximum concentration of Ag+
released (≈3.3 g mg−1) from the hydrogel on physiological envi-
ronment was cytotoxic only toward Caco-2 colon cancer cells and
biocompatible onto healthy VERO cells. These promising results
presented here offer new perspectives for in vivo testing of the
materials developed in this work.
4. Conclusion
TMC/alginate beads showed efﬁciency to protect AgNPs incor-
porated into the hydrogel at pH conditions, simulating the gastric
environment. The beads/AgNPs prepared in this work suppressed
the oxidation of Ag0 at low pH (2.0), but promoted the grad-
ual release of Ag+ when subjected to slightly basic conditions
(pH ≈ 7.4). Thus, these beads can serve as carrier matrices of Ag+ on
the colon. Moreover, the amount of Ag+ released from beads/AgNPs
was intrinsically linked to the cytotoxic action on the Caco-2 cells.
The cytotoxicity assays demonstrated that the beads/AgNPs
exhibited excellent biocompatibility on VERO cells and showed
signiﬁcant cytotoxic effect against Caco-2 cells, opening new
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